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(57) Abstract: The present invention provides a new 
and unique method, sensor and apparatus for performing 
a seismic survey of an earth formation in relation to a 
borehole. The method includes arranging at least one 
strain seismic sensor in borehole structure. The invention 
includes providing a combined optical strain seismic 
sensor having an optical fiber arranged therein into the 
borehole; providing an optical signal through the optical 
fiber; providing a seismic disturbance in relation to the 
borehole; receiving a combined optical seismic sensor 
and borehole structure signal ontaining information 
about the seismic disturbance in relation to the borehole; 
and providing seismic survey information about the 
earth formation in relation to the borehole depending 
on the infonnation contained in the optical seismic 
sensor and borehole structure signal. The at least one 
combined optical seismic sensor and borehole structure 
may include a flexible carrier film having the optical 
fiber arranged therein or thereon, a coiled tubing, a 
production tube or a well casing having the optical fiber 
wrapped therein or therabout, or a combination thereof. 
The optical fiber may have a Fiber Bragg Grating sensor 
therein for sensing the seismic distubance. The flexible 
carrier film may be deposed in or on a packet/bladder 
arranged between the production tube or the well casing 
also in the borehole. In operation, the method and 
apparatus measures the change in the length of the 
optical fiber as a function of the seismic disturbance. 
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METHOD AND APPARATUS FOR SEISMICALLY SURVEYING AN EARTH 
FORMATION IN RELATION TO A BOREHOLE 

BACKGROUND OF DSfVENlIGN 

1. Technical Field 

The present invention relates to seismic sensing; and more particularly, to seismic 
surveying of an earth formation in relation to a borehole. 

2. Descriptionof Related Art 

Seismic surveying is a standard tool for the exploration of hydrocarbon reservoirs. 
Traditional seismic surveyis have been consistently performed using geophones and 
hydrophones. Geophones measure the earth medians particle displacement or particle 
velocity, while hydrophones measure the fluid pressiu^e changes due to a remote source in 
boreholes or m a'marine environment. The seismic geophones and/or hydrophones are • 
typically temporarily deployed along the earth's surface or along the ocean bottom to 
perform surface seismic surveys, or in a borehole to perform vertical seisnoic profiles, or 
cioss^well seismic measurements. 

An alternative seismic surveying tool is disclosed in commonly assigned US Patent 
Application Serial Number 08/800,208, Fiber Optic Bragg Grating Sensor System for Use 
in Vertical Seismic Profiling, filed February 12, 1997 (Attorney Docket No. CC-O007), the 
contents of which is incorporated herein in its entirety. Hie invention disclosed in the '208 
application comprises a fiber optic sensor positioned within a fluid filled metal capillary 
tube. The capillaiy tube is lowered inside of a borehole wherein the sensor is responsive to 
strain on the C£^illary tube, through the inconipressible fluid, caused by acoustic pressure 
associated with a seismic pressure wave. Like ttie prior art described herein above the '208 
fiber optic sensor is described as being temporarily deployed in a borehole to perform 
vertical seismic profiles. Further, the '208 sensor measures the strain response of the 
capillary tube to a seismic event in relation to the borehole, and therefore the earth 
formaition, and does not measure the response of the earth formation directly. 

These prior art seismic surveys are optimized for short term exploration and 
production objectives but can be quite costly, especially when well production needs to be 
shut down for the measurements, or a large area needs to be explored, or the surveys need to 
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be repeated to monitor reservoir changes over time. There is a need for a new approach to 
acquire direct earth formation seismic wave data because of the extensive and repeated use 
of surface, ocean bottom, and in-weU seismic techniques to image and monitor earth 
formations and reservoirs. 

SUMMARY OF INVENTION 

The present invention provides a new and unique method and apparatus for 
performing a seismic survey of an earth formation. 

The seismic survey method includes arrangmg at least one combined strain seismic 
sensor and borehole structure having a strain sensor arranged therein into tiie borehole; 
providing a seismic disturbance in relation to the borehole; receiving a combined strain 
seismic sensor and borehole stmcture signal containing information about the seismic 
disturbance in relation to tiie borehole; and providing seismic survey information about tfie 
earth formation in relation to the borehole depending on the uiformation contained in the 
optical seismic sensor and borehole structure signal. 

The combined strain seismic sensor and borehole structure may include one or more 
optical seismic sensors in combination with one or more borehole structures, including 
either a flexible carrier fihn having the optical fiber arranged flierein or thereon, or either 
coiled tubing, a production tube or a well casmg having tiie optical fiber wr^ped flierein or 
thereabout, or a combination fliereof wherein tiie combination is closely coiqiled to the earth 
formation. The flexible carrier fihn may be deposed in or on a packer/bladder, or oflier type 
of coupling mechanism, arranged between flie production tube and tiie well casmg also in 
the borehole. 

The optical fiber may have a Fiber Bragg Grating sensor flierem for sensmg flie 
seismic disturbance. Hie Bragg grating sensor may include either a Bragg grating point 
sensor, multiple Bragg gratmgs, or a lasing element formed wifli pairs of multiple Bragg 
gratings. Based on tiie principle of Fiber Bragg Grating sensors, fliese sensors can be made 
to measure the deformation of tfie earfli formation over tiie length of a Ffter Bragg Grating 
sensor. To put it precisely, a Fiber Bragg Grating sensor dfrecfly measures tiie stram of flie 
earfli material at the sensor location. This provides new ways to perform seismic surveying 
using strain measurements. Strain seismic data, as acquued by a Fiber Bragg Grating 
sensor array, can yield the same information as traditional geophone data when used for 
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seismic image processing. Based on similar principles; optical fiber without Fiber Bragg 
Gratings, can also be used to measure the deformation of the earth formation over the 
optical fiber depending on the change of length of the optical fiber. In effect, ttie techniques 
for sensing the changes in the length of the optical fiber as a fimctipn of the seismic 
5 disturbance may be done with or without the use of a Fiber Bragg Grating in the optical 
fiber. When using a Bragg Grating sensor, the change oflength of the optical fiber may 
cause a strain induced shift (A^) in the Bragg Grating sensor that causes a change in an 
optical parameter which is sensed by a light source, detection measurement and signal 
processor device. In the case of an interferoineter based sensor, the change in length (Al)of 
1 0 the optical fiber produces a time of flight change which is sensed by a light source, 
detection^measiirement anH signal pn>cess6r devic^^^ 

The optical fibec nmy be ananged in a hoop strain fiber loop (horizontal), an axial 
strain fiber loop (vertical), an oblique loop (angled), or any combmation thereof, on or m 
the flexible carrier filni. Hie coiled tubing, the production tube, the well casing, or a 
IS combination thereof, for sensing the seismic disturbance in relation to the axis of the 

borehole. In effect, tiie seismic disturbance results in strain in the earth formation that is 
coiq[>led to the flexible carrier film, the coiled tubmg, the production tube, the well casing, 
or the combination thereof at some appropriate angle. 

The optical fiber sensors may be configured using any type of optical grating-based 
20 measurement technique, e.g., scanning interferometric, scanning Fabry Perot, acousto-optic 
tuned filter, time of flight, etc. having sufficient sensitivity to measure the strain response of 
the borehole structure in terms of changes in the lengdi of the optical fiber as a function of 
the seismic disturbance. 

The seismic survey apparatus features the light source, detection measurment and 
25 signal processor device in combination with the combined optical seismic sensor and 
borehole structure, which cooperate as follows: 

The light source, detection measurement and signal processor device provides the 
optical signal to tiie combined optical seismic sensor and borehole structure. The light 
source, detection measurement and signal processor device responds to the combined 
30 optical seismic sensor and borehole structure signal &om the combined optical seismic 
sensor and borehole structure, for providing seismic surv^ information about the earth 
formation in relation to the borehole depending on tiie information contained in the 
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combined optical seismic sensor and borehole structuie signal. 

The combined optical seismic and borehole stracture sensor responds to the optica! 
signal fixjm the li^t source, detection measurement and signal processor device, and also 
responds to a seismic disturbance in relation to tiie earfli formation, for providing the 
combined optical seismic sensor and borehole stiiicture signal to die light source, detection 
measurement and signal processor device. The combmed optical seismic sensor and 
borehole structure signal contains mformation about die seismic disturbance in relation to 
Ifae borehole and eartii formation. 

One advantage of the present inventi<Mi is fliat seismic sensors can be peimanentiy 
irnplanted in the borehole to allow seismic imaging/morjitoring over time. Anoflier , 
advantage is that (he seismic sensors are coupled to tiie earth formation and measure the 
direct stram resi»nse of flie earth formation to a seismic event Yet anoflier advantage is 
that a large number of seismic sensors can be deployed to allow hi^ resolution 
. measuremeet an^^effective data processing, and als^ . 
which minimizes the additional space occupied by flie seismic sensor. 

The foregoing and oflier objects, features and advantages of tiie present invention 
wiU become more apparent in light of the following detaUed description of exemplary 
embodimraits thereof as illustrated m flie acconqjaiQdng drawings. 

BRIEF DESCRIPTION OF THE DRAWING 

Figure 1 is a block diagram of a strain seismic sensor fliat is flie subject matter of flie 
present mvention. 

Figure 2 is a block diagram of a seismic survey t^paratus ttiat is the subject mattei; 
of flie present invention. 

Figure 3 is a block diagram of a light source, detection measurement and signal 
processor device that is part of the seismic survey apparatus. 

Figure 4 is a digram of a two-dimaisional finite difference model for geophone and 
strain seismic wave simulatioa 

Figure 5 is a diagram of a borehole having optical seismic sensors arranged thereni. 

Figures 6, 7. 8 show various configurations for wrappmg flie fiber inside, outside or 
flierem the borehole structure. 

Figure 9 is a diagram of optical seismic sensor m flie form of a strain sensor having 
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a packer/bladder inflated. 

Figure 10 is a diagram of the strain sensor in Figure 9 having a bladder compressed. 

Figure 1 1 is a diagram of an optical seismic sensor with optical fiber loops arranged 
on a flexible carrier. 

Figure 12 is a diagram of a Bragg Grating Sensor of the prior art. 

Figure 13 is a graph of an input spectrum of a Bragg Grating Sensor of the prior art. 

Figure 14 is a graph of a transmitted spectrum of a Bragg Grating Sensor of the prior 

art 

Figure 1 5 is a gjcsph of a reflected spectrum of a Bragg Grating Sensor of the prior 

art. 

Figure 16 is an equation to determine a strain induced shift (JSX) of a Bragg Grating 
Sensor of the prior art. 

Figure 1 7 shows a system that detects the strain in the gratings directly, 
t : V?' Figure 1 8 shows a system that detects the strain in the fiber length between' twb * 
gratings reflecting the same wavelength. 

Figure 19 is a graph of pressure seismic data for 90 traces showmg a depth (meters) 
versus time (milliseconds). 

Figure 20 is a graph of radial particle velocity seisnuc data for 90 traces showing a 
depth (meters) versus time (milliseconds). 

Figure 21 is a graph of axial strain seismic data for 90 traceis showing a depth 
(meters) versus time (milliseconds). 

Figure 22 is a graph of a velocity (meters/second) versus depth (meters). 

Figure 23 is a graph of a CD? transform showing a depth (meters) versus an offset 
(meters) fipm the well. 

Figure 24 is a graph of velocity (meters/second) versus depth (meters). 

Figure 25 is a graph of a CDP transform showing a depth (meters) versus an of&et 
(meters) from fhe well. 

Figure 26 is a graph of velocity (meters/second) versus depth (meters). 

Figure 27 is a gr^h of a CDP transform showmg a depth (meters) versus an of&et 
(meters) from the well. 

Figure 28 is a grsqph of a VSP migration using pressure data showuig a depth 
(meters) versus an of&et (meters) from die well. 
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Figure 29 is a graph of a VSP migration using axial particle velocity data showing a 
depth (meters) versus an offset (meters) from the well. 

Figure 30 is a graph of a VSP migration using axial strain data showing a depth 
(meters) versus an offset (meters) from the well. 
5 Figure 3 1 is a graph of seismic data in depth (meters) versus time (milliseconds). 

Figure 32 is a graph of a model detennined from the seismic data in Figure 31 
showing an interval velocity (meter/second) versus a depth (meters). 

Figure 33 is a graph of seismic data in depth (met^) versus time (milliseconds). 
Figure 34 is a graph of a model deteqnined fiiom the seismic data in Figure 33 
10 showing an interval velocity (meter/second) versus a depth (meters). 
^ Figure 35 is a seismic faimge in.relati9n to a,borehole structure produced by a slram. - 

seisimc sensor system in accordance with &e presatit 

Figure 36 is a seismic image in relation to a borehole structure using a geophone of 
thepriorart. 

15 

DETAILED DESCRIPTION OF THE IhTVENTION 

Figure 1 shows a new and unique strain seismic sensor 1 described herein that 
includes any type of strain sensor such as piezoelectric, optical, capacitive, piezo-resistive 
(e.g., Wheatstone bridge), etc, capable of measuring tiie strain response of a borehole 

20 structure 24, to a seismic disturbance. If optical strain sensors are used, the sensor 1 may be 
Bragg grating based strain sensor, such as that described in great detail herein below. 
Alternatively, the strain sensor 1 may be electrical or optical strain gages attached to or 
embedded in the borehole stracture to measure the strain response of the borehole structure 
to a seismic event In an embodiment of the present invention that utilizes fiber qptics as 

25 flie strain sensor 1, an array of such sensors may be utilized and they may be coimected 
individually or may be multiplexed along one or more optical fibers using waveleiigfh 
division multiplexing (WDM), time division multiplexing (TDM), or any other optical 
multiplexing techniques (discussed more hereinafter). 

Figure 3 shows a new and unique seismic survey system generally indicated as 20 

30 for performing a seismic survey of an earth formation in relation to a borehole 40 and earth 
formation 60, featuring a light source, detection measurement and signal processor device 
22 in combination with at least one combuied optical seismic sensor and borehole structure 
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24. The combined optical seismic sensor and borehole structure 24 may be in the form of 
either a flexible carrier film having an optical fiber arranged therein or thereon, or either a 
coiled tubing, a production tube or a well casmg having an optical fiber wrapped therein or 
thereabout, or a combination thereof, described in detail herein below with reference to 
Figure 5. Moreover, the seismic surveying in general is discussed herein below in relation 
to Figure 4, and the earth formation and the borehole are discussed in relation to Figures S, 
9andl0. 

The light source, detection measurement and signal processor device 22 provides an 
optical signal represented by 21 to the combined optical seismic sensor and borehole 
structure 24. The light source, detection measurement and signal processor device 22 
responds to an optical seismic sensor signal represented by 23 from the combined optical 
seismic sensor and borehole structure 24, for providing seismic survey information about 
the earth formation in relation to the borehole depending on the information contained in the 
combined optical seismic sensor and borehole structure signal; In Figure 2, the'^combitied 
optical seismic sensor and borehole structure signal may conq)rise fl^ble carrier film, 
coiled tubing, production tube or well casing optical seismic sensor. 

The combined optical seismic sensor and borehole structure 24 is arranged in ttie 
borehole 40 withm earth formation 60. The combined optical seismic sensor and borehole 
structure 24 is closely coiqiled to the earth formation and reacts substantially as a 
contiguous portion of the formation. The combined optical seismic sensor and borehole 
structure 24, responds to the optical signal firom the light source, detection measurement and 
signal processor device 22, and also responds to a seismic disturbance D in relation to Hie 
borehole 40 and earth formation 60, for providing the combined optical seismic sensor and 
borejhole structure signal. The combined optical seismic sensor and borehole structure 
signal to the light source, detection measurement and signal processor device 22 contains 
information about the seismic disturbance in relation to the borehole 40 and earth formation 
60. The seismic disturbance mformation may be used to determine information about the 
earth formation surrounding the borehole. 

The combined optical seismic sensor and borehole structure 24 may include an 
optical fiber with or without a Fiber Bragg Gratmg sensor tfierein, as discussed in more 
detail below. The Fiber Bragg Grating sensor may include either a Bragg grating point 
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sensor, multiple Bragg gratings, or a lasing element formed with pairs of multiple Bragg , 
gratings. 

The optical signal and the combined optical seismic sensor and borehole structure 
signal are communicated between the light source, detection measurement and signal 
processor device 22 and the combined optical seismic sensor and borehole structure 24 via a 
transmission cable generally indicated as 26 (see also Figure 2), which is well known in the 
art. 

The light source, detection measurement and signal processor device 22 (Figure 3) is 
known in the art and generally includes three basic components - a light source device, a 
light detection measurement device and a signal processor device. Examples of a typical 
light source device, a typical li^t detection measurement device, and ^a typical signal 
processor device are included in the patents listed hereinbelow. The signal processor device 
can be implemented using computer hardware, computer software, or a combination 
thereof, and a typical microprocessor-based architecture would include a microprocessor, 
RAM, ROM, an iiqyut/output device, and an address, data and control bus connecting the 
same. The light source, detection measurement and signal processor device 22 is designed 
to implement any optical grating-based measurement technique, as discussed below. The 
scope of the invention is not intended to be limited to any particular design of the light 
source, detection measurement and signal processor device 22. 

Figure 2 is provided by way of exan^le and shows a fiber optic in-well seismic 
system basic configuration 30. The fiber optic in-well seismic system basic configuration 
30 includes the combined optical seismic sensor and borehole structure 24 in the form of an 
in-well optical seismic sensor array 24, as well as the transmission cable 26, consistent with 
that shown in Figure 3. 

Moreover, the fiber optic in-well seismic system basic configuration 30 also 
includes the basic oonq)on^ts of the light source, detection measurement and signal 
processor device 22 shown in Figure 3 in the form of an electro-optics in-well seismic 
system generally indicated as 2S, a seismic data recording, quality control (QC) and pre- 
processing system generally indicated as 30 and a data processing system 27. 

The electro-optics in-well seismic system 25 is shown as mcluding a conveyance 
system 28 and electro-optics system 29 and data storage device 31, 
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The seismic data recording, QC and pre-processing system 30 includes a seismic 
data recording system and peripheral control 32, a seismic wellsite data QC and pre- 
processing system 33 and a data storage 34. The seismic wellsite data QC and pre- 
processing system 33 has software programs for providing wellsite data products. 
5 The data processing system 27 is shown as an offsite data processing system and has 

software programs for providing offsite data products. 

The aforementioned basic conq)onents are known in the art, and a person skilled in 
the art would appreciate without imdue experimentation how to adapt the same to cooperate 
with the optical seismic sensor 24 to implement the invention described in the instant patent 

10 application. In addition, the scope of the invention is not intended to be limited to where 
the seismic data m the fiber optic in-weU seisinic system basic coiifigurati^ 
' processed, i.e. either on or off the wellsite. 

Figure 4 shows an example of a two-dimensional finite difference model for 
geophone and strain 8eisnuc:wave!%imulation. Thetwo-dimehsional finite diffi^hce model ' 

15 includes a borehole generally indicated as 40 and twelve optical seismic sensors 41, 42, 43, 
44, 45, 46, 47, 48, 49, 50, 51, 52 arranged therein at various depths shown on the right side 
of the model &om 20m to 100m. The optical seismic sensor 24 shown and described with 
respect to Figure 1 may include one or more of the optical seismic sensors 41-52. The 
details concerning the optical seismic s^ors 41-52 are discussed below in relation to 

20 Figures 5 through 16. As is known, earth formation 60 is stratified into layers wilfa each 
layer having different characteristics such as pressure wave velocity (vp) , shear wave 
velocity (vg), and average density (p). In the exanq)le in Figure 4, the borehole 40 is 
surrounded by an earth formation generally mdicated as 60 having three layers indicated as 
LAYER 161, LAYER 2 62, LAYER 3 63. In fliis particular example, LAYER 1 has flie 

25 following parameters: Vp = 3,000 m/s, Vs = 1,800 m/s and p = 2.0 grams/centimeter^; 

LAYER 2 has the following parameters: Vp = 4,000 m/s, Vs = 2,000 m/s and p = 2.2 g/cm^, 
LAYHl 3 has the following parameters: Vg = 2,500 m/s and p = 2.6 g/cm^. The weU fluid 
velocity is 1,5000 m/s and the well radius is 0.1 meters. The seismic disturbance source is 
generally indicated as 70, and the seismic waves are generally indicated as 72, 74, 76, with 

30 seismic wave 74 reflecting off a boundary between LAYER 1 and LAYER 2, and with 

seismic wave 76 reflecting off a boundary between LAYER 2 and LAYER 3. The optical 
seismic sensors 41-52 and borehole 40 are closely coupled to and considered to be a 
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contiguous part of the earth formation 60. The two-dimensional finite difference model and 
the results are discussed in greater detail herein below. 

Figure 5 shows a diagram of a borehole generally indicated as 40, and is surrounded 
by an earth formation generally indicated as 60. The borehole 40 has borehole structures 
arranged therein, including a well casing 104, a coiled tubing 105, a production tube 108 
and a combination of a fl^ible carrier fihn and packer^ladde^ 110. The well casing 104 is 
arranged in the borehole 40 and has a cement or other appropriate material 106 for coupling 
flxe well casing 104 to the earth formation 60. The production tube 108 is arranged inside 
flie well casing 104. The coiled tubing 105 i^ shown by way of example in Figure 5 as 
iarranged inside the casing 104 between the well 'casing 104 and the production tubmg 108. 
The coiled tubing 1 05 is known in fhe^art and may by used to provide instrumentation into 
the borehole 40. In other applications, the coiled tubing 105 may also be used to drill a 
borehole. The combination of a flexible carrier film and packer^ladder 1 10 is arranged 
inside the borehole 40 be^eed tte well casing 104 and Ihe production tube 108. 

The invention may include any one or more strain seismic sensors (similar to sensor 
41-52 of Figure 4) having one or more placements closely coupled to one or more borehole 
structures which are in turn closely coupled to the eardi formation 60. Figure 5 shows by 
way of example different strain seismic sensors having different placement in different 
borehole stmctures. 

A first optical seismic sensor arrangement includes optical fibers 1 12, 1 12a, 1 12b, 
1 12c wrapped in relation to the axis 101 of flie well casmg 104 and closely mechanically 
coupled thereto. As shown, the optical fiber 1 12 is wrapped around the outside of the well 
casing 104 and perpendicular to the axis 101 of the well casing 104. The optical fiber 112a 
is wrapped around the inside of the well casing 104 and perpendicular to the axis 101 of the 
well casmg 104. The optical fiber 1 12b is wrapped mside the material of the well casing 
104 and parallel to the axis of the well casing 104. The optical fiber 112c is wrapped 
around the outside of the well casing 104 at an oblique angle relative to the axis 101 of the 
well casing 104. Althougji not shown, the optical fiber 1 12c may also be wrapped either 
around the inside of the well casing 104, or wrapped and embedded inside the well casing 
104, and oblique to the axis 101 of the well casing 104. The optical fiber 1 12 has a Fiber 
Bragg Gratmg 1 13 arranged flierem. The optical fibers 1 12a, 1 12b, 1 12c may also have a 
Fiber Bragg Grating like 1 1 3 arranged thereirL 
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A second optical seismic sensor arrangement has optical fibers 1 14, 1 14a, 1 14b, 
1 14c wrapped in relation to the production tube 108 and closely mechanically coupled 
thereto. As shown, the optical fiber 1 14 is wrapped aroimd the outside of the production 
tube 108 and perpendicular to the axis 101 of the production tube 108. The optical fiber 
5 1 14a is wrapped aroimd the inside of the production tube 108 and perpendicular to the axis 
101 of the production tube 108. The optical fiber 1 14b is wrapped inside of the material of 
the production tube 108 and parallel to the axis 101 of the production tube 108. The optical 
fiber 1 14c is wrapped around the outside of the production tube 108 and oblique to the axis 
of the production tube 108.' Although not shown, the optical fiber 1 14c may also be 

10 wrapped either around the inside of flie production tube 108» or wrapped inside the material 
^of the production tube 108 at an oblique angle relative to the axis 101 of the production tube 
108. llie optical fiber 114 has'aFiberBragg Grating l is arranged therein. The optical 
fibers 1 14a, 1 Hb^ 1 14c may also have a Fiber Bragg Grating like 115 arranged herein. 
. - A third optical seismic Censor arrangement has optical fibers 1 16, 1 17, 1 18 arranged 

IS in or on the combination of the flexible carrier film and packerA)ladder 1 10 in relation to the 
axis 101 of the borehole 40. The packer^ladder 110 provides positioning and mechanically 
coupling of the sensors to the borehole structure and earth formation. The optical fiber 116 
is arrai^ed vertically in relation to the axis 101 of the borehole 40. The optical fiber 1 17 is 
arranged obliquely in relation to the axis 101 of the borehole 40. The optical fiber 1 18 is 

20 arranged horizontally in relation to the axis of the borehole 40. The optical fiber 1 16 has a 
Fiber Bragg Grating 1 16a arranged therein. The optical fibers 1 17, 1 18 may also have a 
Fiber Bragg Grating like 1 16a arranged therein. 

A fourfli optical seismic sensor arrangement has optical fiber lOSa arranged inside, 
outside or therem the coiled tubing 105 in relation to the axis 101 of the borehole 40 and is 

25 mechanically coupled to the eardi formation by any known means such as cementing. 

StiU referring to Figure 5, if a non-optical strain gauge may be used as one or more 
ofthe strain seismic sensors 112, 112a, 112b, 112c, 114, 114a, 114b, 114c, 116, 117, and it 
may measure the seismic wave by measuring the strain response of the borehole structure 
similar to that described herein above for optics based strain seismic sensors. In general, 

30 the strain gages measure the structural response, deflection for exanople, in any direction of 
the borehole structure in response to a seismic event The strain response measured at the 
location of the strain gauge local strain (axial strain, hoop strain or off axis strain), caused 
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by seismic waves (72, 74, 76 in Figure 4), migrating passed the borehole structure. The 
amoimt of strain detected by the strain seismic sensor is dependant on the magnitude and 
direction of the wave, the coupling of the borehole structure to the earth formation and the 
coupling of the strain sensor to the borehole structure as well as the structural characteristics 
5 of the borehole structure itself 

Figures 6, 7, 8 show by way of example different configurations for non-optical 
seismic strain sensors as well as configurations for wrapping the optical fiber inside, outside 
or therein the casing, coil tubing, production tubing or flexible film carrier, including a 
racetrack confiiguration in Figure 6, a radiator configuration in.Figure 7 and a circular 

10 configuration in Figure 8, as well as a coil not showri. The reader is referred by way of 

examplejto patent ai}^U^ ^ v-^ -- 

0066A) for examples of fiber optic wrapping configurations. The scope of the invention is 
not intended to be limited to any particular configuration for wrapping the optical fiber. 

The combined strain seismic sensor and borehole structure 24 shown and described 

15 above with respect' to Figures 1, 2, 3 may include one or more of the aforementioned strain 
seismic sensor arrangements having one or more of the different placements in relation to 
one or more borehole structures. The scope of the invention is not intended to be limited to 
any particular number, placement, orientation or t3^e of strain seismic sensor in relation to 
the casing, coiled tubing, production tube or the combination of the flexible carrier film and 

20 packer/bladder. The scope of the invention is also intended to include other borehole 
structures that are rigid enough to respond to a seismic disturbance to be sensed. In 
particular, the present invention encompasses the detection of the strain by strain seismic 
sensors of any structure that is closely coupled to an earth formation. 

Figures 9 and 10 respectively show a strain sensor having the combination of the 

25 flexible carrier film and packer/bladder 1 10 inflated and compressed. In Figures 9 and 10, 
the combination of die flexible carrier film and packer^ladder 1 10 is surrounded by a 
clanq>ing ring 120 for retaining the combination of the flexible carrier film and 
packer/bladder 1 10. The operation of the inflation and compression of the combmation of 
the flexible carrier film and packer^ladder 1 10 is known in the art. When the combmation 

30 of tiie flexible carrier film and packer/bladder 1 10 is inflated against the well casing 104, 
the axial fiber 1 16 and the hoop fiber 1 18 are mechanically coupled to the earth formation 
and sense the strain in the borehole structure in response to the seismic disturbance. It is 
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also within the scope of the present invention that the flexible carrier fihn and 
packer^ladder 1 10 of Figures 9 and 10 is inflated against an open hole in the earth, as is 
known, wherein the axial fiber 1 16 and the hoop fiber 1 18 are mechanically coupled to the 
earth formation and sense the strain in the borehole structure in response to the seismic 
disturbance. 

Figure 1 1 shows a strain seismic sensor generally indicated as 200 that includes a 
flexible carrier film 202 having one or more optical fibers 204, 206, 208, 210 arranged 
therein or diereon. Consistent with that discussed heremaboye, the flexible carrier film 202 
may be a separate part arranged in relation to a packer^ladder or may form the combinatioii 
of tiie flexible carrier film and packer/bladder 1 10 in Figure 5. As shown; the optical fiber 
204 is wrapped in a hoop strain fiber loop perpendicular to an axis of the borehole (see 
Figure 5] reference numeral 40), similar to the optical seismic s^or 1 18 in Figure 5. The 
optical fiber 204 may have a Fiber Bra^ Grating pair 205, 205* therem willi a fiber loop in 
between: The optical fiber 206; 208, 210 is also wrapped in an axial strain fiber loop' 
parallel to the axis of the borehole (see Figure S, reference numeral 40), similar to the 
optical seismic sensor 1 1 6 in Figure 5. The optical fiber 206 may have a Fiber Bragg 
Grating pair 207, 20T therein witii a fiber loop in between. In alternative embodiments the 
strain seismic sensors in of Figure 1 1 may also comprise nouroptic based strain sensors as 
described hereinabove. 

Figure 12 shows a Fiber Bragg Grating sensor 130 known in tiie art, and is also 
known as a Bragg Grating sensor, a Fiber Bragg Grating, etc. The Fiber Bragg Gratings 
1 13, 1 15, 1 16a (Figure 5) and 205, 207 (Figure 1 1) are an example of fihe Bragg Grating 
sensor shown in Figure 12. With reference to Figure 1 1, each optical fiber 204, 206, 208, 
210 is connected to the light source, detection measurement and signal processor device 22 
(Figure 1). With reference to Figures 12 - 16, in operation. Fiber Bragg Grating Sensor 130 
responds to the input signal 131 provided fiom the light source, further responds to the 
seismic disturbance in relation to the borehole, for providing an optical seismic sensor 
reflected signal 132 containing information about the seismic disturbance in relation to tiie 
strain of the borehole structure and earth formation. In the case where the Fiber Bragg 
Gratings 205, 207 are used, the change of length of the optical fiber 204, 206 of the strain 
seismic sensor may cause a strain induced shift 133 (AX) in the Bragg Gratmg sensor 205, 
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207 fhat causes a change in an optical parameter which is sensed by the light source, 
detection measurement and signal processor device 22 of Figure 1. 

Figures 17 and 18 show two types of dynamic strain detection systems using the 
Fiber Bragg Gratings described hereinabove. Figure 17 shows a system 135 that detects fee 
strain in the gratings directly using a broadband source 136, a receiver/demodulator 137, a 
coupler 138 and sensors 139, 140, 141, 142 having Fiber Bragg Gratings with separate 
respective wavelengths. Figure 18 shows a system 143 that detects the strain in the fiber 
length between pairs of Fiber Bragg Gratings 146, 147, 148, 149, with each pair reflecting 
the same wavelength using a tunable laser 144, a receiver/demodulator 145, a coupler 138. 
The pairs of Fiber Bragg Gratings 1*46-149 comprise sensors 150, 151, 152, 153. 
, In general, flie optics based strain seismic sensors of the present-invention may be * ^ 
configured in munerous.known ways to precisely measure the fiber length orchange in fiber 
length, such as an interferometric, Fabry Perot, time-of-flight, or other known arrangements. 
Ah example of a Fabry Perot technique is described in United States Patent No. 4,950,883, 
entitled *Tiber Optic Sensor Arrangement Having Reflective Gratings Responsive to 
Particular Wavelengths", to Glemi, which is incorporated herein by reference. One example 
of time-of-flight (or Time-Division-Multiplexing; TDM) would be where an optical pulse 
having a wavelengtti is launched down the optical fiber and a series of optical pulses are 
reflected back along the optical fiber. The length of each wrap can then be determined by 
the time delay between each return pulse. 

Alternatively, a portion or all of the optical fiber between the Fiber Bragg Gratings 
(or includmg the gratings, or the entire fiber, if desired) may be doped with a rare earth 
dopant (such as erbium) to create a tunable fiber laser, such as is described in United States 
Patent No. 5,3 17,576, entitled ''Continuously Tunable Single Mode Rare-Earth Doped Laser 
Arrangements, to Ball et al or United States Patent No. 5,513,913, "Active Multipoint Fiber 
Laser Sensor", to Ball et al, or United States Patent No. 5,564,832, "Birefringent Active 
Fiber Laser Sensor", to Ball et al, which are incorporated herein by reference. 

In summary, the optics based strain seismic sensors of the present invention can be 
configured usmg any type of optical grating-based measurement technique, e.g., scanning 
interferometric, scanning Fabry Perot, acousto-optic tuned filter, time of flight, etc. having 
sufficient sensitivity to measure the changes in the length of die optical fiber as a function 
of the disturbance, such as that also described in one or more of the following references: 
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A. Kersey et al., "Multiplexed fiber Bragg grating strain-sensor system willi a Fabry-Perot 
wavelength filter", Opt. Letters, Vol. 18, No. 16, Aug. 1993; United States Patent No. 
5,493,390, issued February 20, 1996 to Mauro Verasi, et al; United States Patent No. 
5,317,576, issued May 31, 1994, to Ball et al.; United States Patent No. 5,426,297, issued 
5 June 20, 1995, to Dunphy et al.; United States Patent No. 5,401,956, issued March 28, 1995 
to Dunphy et al.; United States Patent No. 4,996,419, issued February 26, 1991 to Morey; 
which are all also hereby incorporated herein by reference in their entirety. The 
aforementioned techniques known in the art for sensing the changes in the length of the 
optical fiber as a.fiinction of the disturbance may be done with, or without the use of a Fiber ^ 

10 Bragg Grating in the optical fiber. A person skilled in the art would appreciate how to - ' 
design the light source, detection measurement and signal processor device 22 to implement 
the type of optical gratmg^based measurement technique, as discussed hereinbelow/ ' ^ 

An optical seismic sensing approach using strain seismic array sensors with a Fiber- 
Bragg-Grating (FBG) technique is discussed with reference first to Figures 12, 13, 14/15, ' 

15 16 which show the operation principle of the Fiber Bragg Grating sensor 130. The Fiber 
Bragg Grating (FBG) 155 is an intrinsic sensor element that can be "written" into optical 
fibers via a UV photo-inscription process. The photo-inscription process produces a 
periodic modulation in the index of the glass in the fiber, which has been shown to be a 
stable structure even at elevated temperatures e?cperienced downhole. The fiber grating 

20 exhibits a reflection spectrum that is extremely narrow and well defined. As shown in 

Figures 12, 13, 14, 15, 16, when light 13 1 Scorn a source producing a wide range of optical 
wavelengths is passed down an optical fiber containing a Fiber Bragg Grating 155, all light, 
apart &om a narrow "slice" of the spectrum }\b is transmitted through the optical fiber as the 
transmitted signal 156. The narrow slice of the light removed Scorn the transmitted signal 

25 156 is reflected back towards the source as tiie reflected signal 132. If the optical fiber is 

strained in the vicinity of the Fiber Bragg Grating by an external source (e.g. a seismic wave 
pressure propagating in the material), the reflected conq>onent 132 shifts to a diffia^t 
wavelength (see Figures 12, 13, 14, 15, 16). Monitoring the wavelength of the light off a 
grating element tiius provides a measure of the fiber strain at the grating location. 

30 As discussed hereinabove, the borehole structure, when efficiently mechanically 

coiq)led to the earth, reacts to seismic waves in a manner consistent with the earth formation 
itself. Based on the principle of strain seismic sensors discussed hereinabove, the present 
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invention makes use of these sensors to measure the deformation of an earth formation over 
the length of the strain gauge or Fiber Bragg Grating sensor. To put it precisely, a strain 
seismic sensor of the present invention directly measures the strain of the earth material at 
flie sensor location by measuring the strain response of the borehole structure to which it is 
coupled and which is itself closely coupled to the earth. This invention provides new ways 
to perform seismic surveying usmg stram measurements. Specifically, strain seismic data, 
as acquired by a strain seismic sensor array, can yield the same information as traditional 
geophone data when used for seismic unage processing. 

Referring again to Figure 4, for a homogeneous earth formation, say Layer 1 
generally shown as 61, the equivaleace between strain seismic wave data of the present 
invention and .the seismic displacement or velocity or pressure data of the prior aft can be * 
.demonstrated using a sinq)le exanqile. Assume that a seismic displacement (U) wave 72 in 
such a formation is given by 

U=u(kx'(m) (1) 

For a cont^ressional wave, ^ is the wave numbering direction designated by 77; x 
is the wave travel distance along j:-direction 77 fiom the origin; □ is the angular frequency 
of the wave; and / is time. 

The seismic particle velocity (V) is given by the time derivative of the displacement 
V=—=-a)u'(kx-<ot) (2) 



The sdsmic strain {s) due to a coiiq>ressioii8l wave is the spatial derivative of ttie 
particle displacement, which is given by 
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I 



s=^^ku'(kx-a)t) (3) 

OX 

Comparing Equations (2) and (3), a similarity is shown between the w 
the strain and the particle velocity in that they are both proportional iou'(kx- Ut). The 
significance of the comparison means that these two types of measurements, the strain 
5 measurement as enabled by the present invention and the particle velocity of the prior art, 
carry the same information in terms of frequency, wavelength, wave amplitudes, and 
propagation velocity. . . , , . ^ 

As is known, a seismic event, such as an explosion, causes pressure waves and shear 
waves to trayel through the earth formations. A structure that is closely coirpled to the earth. 

10 will experience the seismic event and will exhibit a strain response thereto. It is the strain 
response that the present invention delete from which is extracted seismic imaging.data. In 
a true earth formation which is generally mhomogeneous and contains various structures 
(e.g. stratigraphic layers 61, 62, 63 in Figure 4) that are the target of seismic imagmg, the 
effectiveness of the strain seismic data compared to seismic displacement and/or velocity 

1 5 data of the prior art, needs to be demonstrated with more sophisticated numerical modeling 
techniques. In accordance with the present invention, a finite difference simulation is used 
to achieve this goal. 

As described hereinabove. Figure 4 shows an earth model 60 used for the finite 
difference simulation of an offset vertical seismic survey. The model 60 is assumed to 

20 measure 20 meters in the x direction 77 by 100 meters in the y direction 78 and represents 
one quadrant of a stratigraphic layered earth formation 60. The formation 60 consists of 
three layers 61, 62, 63 and the layer thickness, elastic properties, and the seismic source 70 
location, etc., are described hereinabove. The borehole 40 is vertical with a radius of 0.1 
meters, and the borehole fluid is water with assumed properties of (v/ = 1 ,500 mis and p/ = 

25 1 .0 g/cm^). An array of strain seismic sensors 4 1 -52 is deployed along the borehole 40. 

An explosive soiirce 70 was used in the simulation of the example given herein. The 
source was located 15 meters from the borehole center. The finite difference modeling of 
the present invention outputs wave pressure and a single coixtponent displacement or 
particle velocity, and a seismic strain at each receiver location. The single component 
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displacement or particle velocity represents the particle motion along the borehole in the 
axial 77 direction. As described hereinabove, in prior art seismic surveys, the seismic 
pressure is typically measured with hydrophones and the seismic displacement or velocity 
with geophones. For the seismic strain measurement device of the present invention, the 
seismic pressure can be measured by the hoop fiber (1 1 8 in Figures 5, 9 and 1 0) and the 
axial strain by tiie axial fibers (116 m Figures 5, 9 and 10). Although the seismic strain data 
measured by the seismic strain device as described is not adequate to obtain the total 
particle displacement/velocity data, as described hereinabove both geophone and seismic 
strain data contain the same information required for seismic imaging. Siniiilarly, seismic 
sfrain and pressure may be measured by oblique seniors (114c, 1 12c m Figure 5) in terms of 
'wave magnitude and phase: The oblique sensors' caiTsense^fhe directionality information of 
the seismic waves, although resolving the oblique sensor data into wave components in 
relation to the borehole structure is non-trivial. 

Figures 19 and 20 show the.presstire and particle velocity seismograms generated by 
the above described example using a known finite difference modeling technique. Figure 
21 shows the axial strain seismogram graerated by the simulation described hereinabove. 
One can notice the similarity in waveforms between particle velocity and strain seismic 
seismogram as noted in the conq)arison of equations (2) and (3) heremabove. 

The pressure, particle velocity, and strain seismic data are processed using a kaown 
standard Vertical seismic profiling (VSP) processing technique. The goal of this processing 
is to verify that the seismic images of the layer boundaries in Figure 4 can be coirectiy 
obtained using the various seismic data sets, especially using Ifae strain seismic data. 

Figures 22, 23, 24, 25, 26 and 27 show the seismic images firom Ifae pressure, 
velocity, and strain seismic data, respectively. The imaging technique used in this example 
is a well known VSP-CDP transform, which directly maps the seismic time series into depth 
domain using seismic ray theory. As shown in the figures, these images are almost identical 
in terms of the location and extent of the earth structure layers, showing that the present 
invention yields strain seismic data which produces valid seismic image as compared to 
conventional pressure (hydrophones) and particle velocity seismic data (geophones). 

Strain seismic data of the present invention fiirther shows similar results when 
Vertical Seismic Profiling (VSP) migration techniques are used to solve the wave equation 
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and the known KirchofT summation to get the earth structure images (see Figures 28, 29 
and 30). 

Strain seismic data of the present invention can also be used to calculate the 
formation velocities of each stratigraphic layer. Figures 3 1, 32, 33 and 34 are the velocity 
analysis plots calculated using pressure and strain seismic data, respectively. 

Theoretical analysis and numerical modeling examples as shown herein 
demonstrate that seismic strain measurements can be used to obtain seismic images that 
compare favorably with conventional pressure seismic data (hydrophones) and particle 
velocity seismic data (geopfiones).^ In the area of seismic imaging, seismic ev^ts, arrival 
times, and amplitudes are basic features used in imaging processes. This information is 
^ readily and accurately -ot^tkined in Sie strain seismic data of the present invention. 
Therefore, the strain seismic'data measured using strain seismic sensors of the present 
invention offers many advantages over the prior art for most seismic imaging applications. 
• • Referring now to Figures^33 'and 36 the perfofiniance of the present invention is 
described in relation to a specific Gxaxaple. Figure 35 is plot of a series of seismic wave 
traces fix>m an in-well strain seismic sensor in accordance wiA the present invention while 
Figure 36 is a seismic wave trace fix)m a geophone of the prior art mounted at the same 
location within Hie same test well. In botii of the figures the relative position of the well 
and seismic sensors is represented by arrow 175 and the vertical trace lines, 177(a), 177(b), 
for example, represent the position of a seismic shot along with the sensed magnitude and 
time delay. For instance, vertical trace '177(a) represents the response of the in-well seismic 
sensor for a seismic shot triggered approximately 120 feet fiom the well 175. Vertical trace 
177(b) represents the response of the in-well seismic sensor for a seismic shot triggered 
approximately 5 feet from the well 175 while each the remainder of the traces represent 
seismic shots positioned linearly at approxintiately five foot intervals. These types of 
seismic wave traces are known in ibc industry wherein time delay is shown on &e vertical 
axes 179 in milliseconds and the magnitude of the response is depicted by the horizontal 
peaks of the vertical trace. As can be seen, flie wave signal response of the strain seismic 
sensor of the present invention as depicted in Figure 35 is nearly equivalent to diat of the 
wave signal response of the conventional geophone shown in Figure 36. That is to say that 
the two wave signals exhibit the same compression and shear wave events that have similar 
wave arrival time, fi:equency and amplitude. This comparison shows the similarity between 
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the strain seismic sensor of the present invention and that of a prior art geophone data for 
seismic imaging. 

In addition to the borehole applications shown by way of example herein, the 
present mvention mcludes any pipe stmctore implanted wilhm the earth using the sensing 
5 system described in the invention to measure seismic disturbances. For example, a surface 
seismic survey could be conducted using a pipe Aat is trenched in just beneath the earth's 
sur&ce on land or on the ocean bottom such that the same srasors are used to detect earth 
strain as a result of seismic disturbances. This configuration coiild also be used for 
' earthquake seismology measurements. 
10 Although the invention has been described and illustrated with.respect to exemplary - 

embodiments thereof, the foregoing and various other additions and omissions may be made 
therein and thereto ^thout departing ftom tiie spirit and scope of the present invention. 
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WE CLAIM: 

1 . A seismic sensor for detecting a seismic disturbance in relation to a borehole 
structure wherein said borehole structure is mechanically coupled to an earth formation, 
said seismic sensor comprising a strain sensor coupled to said borehole structure measuring 
a strain response of said structure to said seismic disturbance. 

2. A seismic sensor as set forth in claim 1 wherein said sensor comprises a strain 
gauge;* 

3. * A seismic sensor as set forth in claim 2 wherein said strain gauge comprises a " 
piezoelectric strain gauge, an optical strain gauge, or a capacitive sfraih gauge: - ' ' - * 

4. --^A str^ seismic survey^systm for p^ornoing a seisniic survey of m ' * 
formation in relation to a borehole, said system comprising a combined strain seismic 
sensor and borehole structure arranged in said borehole, said sensor responsive to a strain 
response of said borehole structure to a seismic disturbance and further providing a signal 
indicative of said strain response of said borehole structure. 

5. A seismic survey system according to claim 4, 

wherein said combined strain seismic sensor and borehole structure includes a 
flexible carrier fihn having said strain sensor arranged therein or thereon and being disposed 
in relation to a packer/bladder m said borehole. 

6. A seismic surv^ system according to claim 4, 

wherein said strain sensor senses a hoop strain response of said borehole structure 
perpendicular to an axis of said borehole. 

7. A seismic survey system according to claim 4, 

wherem said strain sensor senses an axial strain response of said borehole structure 
parallel to an axis of said borehole. 
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8. A seismic survey system according to claim 4, 

wherein said strain sensor senses a component of hoop strain response of said borehole 
structure oblique to an axis of said borehole. 

9. A seismic survey system according to claim 4, 

wherein said strain sensor senses a component of axial strain response of said 
borehole structure oblique to an axis of said borehole. 

10. A strain seismic survey system for performing a seismic survey of an earth 
formation in relation to a borehole, comprising: 

, a light source, detection measurement and signal processor device, for providing an • - 
optical signal, and responsive to a combined optical stram seismic sensor and borehole 
structure signal, for further providing seismic survey mformation about said earth formation 
in relation to said borehole depending on said information contained m said combined 
optical strain seismic sensor and borehole structure signal; and 

a combined strain seismic sensor and borehole structure arranged in said borehole, 
responsive to said optical signal, and fur&er responsive to a strain response of said borehole 
structure to a seismic disturbance, for providing said combined optical strain seismic sensor 
and borehole structure signal containuig informatibn about said seismic disturbance in 
relation to said borehole. 

11. A seismic survey system according to claim 10 wherein said optical strain sensor 
comprises an optical fiber. 

12. A seismic survey system according to claim 10 whereiii said optical fiber has at least 
one Fiber Bragg Grating arranged dierein. 

13. A seismic survey system according to claim 10 wherein said combined optical strain 
seismic sensor and borehole structure includes either a coiled tubing or a production tube 
haying an optical fiber wrapped therein or fliereabout and being arranged m said borehole. 

14. A seismic survey system accordiiig to claim 13, 
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wherein said optical fiber is wrapped in a hoop strain fiber loop perpendicular to an 
axis of said borehole. 

15. A seismic survey system according to claim 13, 

wherein said optical fiber is wrapped in an axial strain fiber loop parallel to an axis 
of said borehole. 

16. A seismic survey system according to claim 13, 

wherein said optical fiber is wrq»ped in a hoop strain fiber loop oblique to an axis of 
said borehole. ....... * 

"17. A seisnuc survey sysfem according to claim 13,* * 

wherein said optical fiber has at least one Fiber Bragg Grating arranged herein. 

18. A seismic survey system according to claim 1 0, wherein said combined optical 
strain seismic sensor and borehole structure includes a well casing having an optical fiber 
wrapped therein or thereabout and being arranged in said borehole. 

19. A seismic survey system according to claim 18, 

wherein said optical fiber is wrapped in a hoop strain fiber loop perpendicular to an 
axis of sdd borehole. 

20. A seismic survey system accordmg to claim 18, 

wherein said optical fiber is wrapped in an axial strain fiber loop parallel to an axis 
of said borehole. 

21. A seismic survey system according to claim 1 8, 

wherein said optical fiber is wrapped in a hoop strain fiber loop oblique to an axis of 
said borehole. 

22. A seismic survey system according to claim 18, 
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wherein said optical fiber has at least one Fiber Bragg iOrating arranged therein. 

23. A process for performing a seismic smvey of an earth formation in relation to a 
borehole, comprising said steps of: 

arranging at least one combined strain seismic sensor and borehole structure having 
strain seismic sensor arranged therem or thereon into said borehole; 

providing a seismic disturbance in relation to said borehole; 

receiving a borehole structure strain response signal containing information about 
said seismic disturbance ui relation to said borehole; and > 

providing seismic survey mformation about said earth formation in relation to said 
•borehole deprading on said-information contamed in said combined borehole stracture-^ 
strain response signal. 

24. A process according to claim 23, . 

wherein said step of arranging said at least one combined strain seismic sensor and 
borehole structure in said borehole comprises: 

arranging a flexible carrier film having said strain seismic sensor arranged therein or 
thereon and being disposed in relation to a packer/bladder in said borehole. 

25. A seismic survey system according to claim 24, 

wherein said step of arranging said flexible carrier film includes: 
positioning said strain seismic sensor in a hoop direction perpendicular to an axis of 
said borehole. 

26. A seismic survey system according to claim 24, 

wherein said step of arranging said flexible carrier film includes: 
positioning said strain seismic sensor in an axial direction parallel to an axis of said 
borehole. 

27. A seismic survey system according to claim 24, 

wherein said step of arranging said flexible carrier fifan includes: 
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positioning said strain seismic sensor in a hoop direction oblique to an axis of said 
borehole. 

28. A seismic survey system according to claim 24, 

wherein said step of arranging said at least one combined strain seismic sensor and 
borehole structure m said borehole comprises: 

arranging a production tube having said strain seismic sensor tiierein or thereabout 
in said borehole. 

29. A process for paf orming a seismic survey of an earth formation in relation to a 
borehole, contprismg said steps of: 

' arrangiiig at least one combined optical strain seismic sensbr and borehole siructure' 
having an optical fiber arranged therein or thereon into said borehole; 

providing an optical signal through said' dptital fiber; * • ^ 

providing a seismic disturbance in relation to said borehole; 

receiving a combined optical seismic s^or and borehole structure signal containing 
information about said seismic disturbance in relation to said borehole; and 

providing seismic surv^ information about said eartii formation in relation to said 
borehole depending on said information contained in said combined optical seismic sensor 
and borehole structure signal. 

30. A process according to claim 29, 

wherein said step of arranging said at least one conobined optical strain seismic 
sensor and borehole structure in said borehole comprises: 

arranging a flexible carrier iBlm having said optical fiber arranged therein or thereon 
and being disposed in relation to a packer^ladder in said borehole. 

31. A seismic siuvey system according to claim 30, 

wherein said step of arranging said flexible carrier film includes: 
wrapping said optical fiber in a hoop stram fiber loop perpendicular to an axis of 
said borehole. 
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32. A seismic siirvey sysim according to claim 30, 

wherein said stqp of arranging said flexible carrier film includes: 
wrapping said optical fiber in an axial strain fiber loop parallel to an axis of said 
borehole. 

33. A seismic survey system according to claim 30, 

wherein said step of arranging said flexible csurier film includes: 
wrapping said optical fiber in a hoop strain fiber loop oblique to an axis of said 
borehole. 

^34. ' A seisnodc survey system^ccording to claim 30i - 

wherein said step of arranging said flexible carrier film includes: 

providing said optical fiber with at least one Fiber Bragg Grating arranged therem. 

35. A seismic survey system according to claim 29, 

wherein said step of arranging said at least one combmed optical seismic sensor and 
borehole structure in said borehole coniprises: 

arranging a production tube having said optical fiber wr^ed therein or thereabout 
in said borehole. 

36. A seismic survey system according to claim 35, 

wherein said step of arranging said production tube includes: 
wrapping said optical fiber in a hoop strain fiber loop perpendicular to an axis of 
said borehole. 

37. A seismic survey system according to claim 35, 

wherein said step of arranging said production tube includes: 
wrapping said optical fiber in an axial strain fiber loop parallel to an axis of said 
borehole. 



-26- 



wo 02/04984 



PCT/USOl/21704 



38. A seismic survey system according to claim 35, . 

wherein said step of arranging said production tube includes: 
wrapping said optical fiber in a hoop strain fiber loop oblique to an axis of said 
borehole. 

5 

39. A seismic survey system according to claim 35, 

wherein said step of arranging said production tube includes: 

providing said optical fiber with at least one Fiber Bragg Gratmg arranged therem. 

10 40. A seismic survey system according to claim 30, 

' " * wh^iif said step of arranging smd at least one combined optical strain seismic 
sensor and borehole structure in smd borehole comprises: 

arranging a well casing having said optical fiber wrapped therein or thereabout in 
said borehole; 

15 

41 . A seismic survey system according to claim 35, 
wherein said step of arranging said well casing includes: 

wrapping said optical fiber in a hoop strain fiber loop perpendicular to an axis of 
said borehole. 

20 

42. A seismic survey system according to claim 4 1 , 
wherein said step of arranging said well casing includes: 

wrapping said optical fiber in an axial stram fiber loop parallel to an axis of said 
borehole. 

25 

43. A seismic survey system according to claim 41, 
wherein said step of arranging said well casing includes: 

wrapping said optical fiber in a hoop strain fiber loop oblique to an axis of said 
borehole. 

30 
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44. A seismic survey system according to claim 41 
wherein said step of arranging said well casing includes: 

providing said optical jSber with at least one Fiber Bragg Grating arranged therein. 

45. A seismic sensor for sensing a disturbance in an earth formation, comprising: 
a flexible carrier fibn, responsive to the disturbance in the earth formation, for 

providing a flexible carrier film force; and 

an optical fiber, responsive to the fle^cible fihn carrier force, and further responsive 
to an optical light, for providing an optical seismic sensor signal containing information 
about the disturbance in^the.earOi formation. . . 

46. A seismic sensor according to claim 45, 

wherein the optical fiber includes a Fiber Bragg Grating sensor therein 

47. A seismic sensor according to claim 45, 

wherein the optical fiber is wrapped in a hoop strain fiber loop perpendicular to a 
longitudinal axis ofthe flexible film carrier. • 

48. A seismic sensor according to claim 45, 

wherein the optical fiber is arranged in an axial strain fiber loop parallel to a 
longitudinal axis of the flexible fihn carrier. 

49. A seismic sensor according to claim 45, 

wherem the optical fiber is wrapped in a hoop strain fiber loop perpendicular to a 
longitudinal axis of the flexible film carrier, and 

wherem (he optical fiber is arranged in an axial stram fiber loop parallel to a 
longitudinal axis of the flexible film carrier. 

50. Aseismicsensor according to claim 45, 

wherein the flexible fihn carrier includes a layer of rubber; and 
wherem the optical fiber is embedded in the layer of rubber. 
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5 L A seismic sensor according to claim 45, 

wherein the flexible film carrier is a layer of rubber arranged between an outer layer 
S of a horseshoe shaped inflatable bladder/packer and either a production tubing, a well 
casing or both in a borehole of a well. ' 

10 . . .... . <• 
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